The K + -induced vasodilatation of DFAs and the density of I Kir and voltage-gated K + current (I Kv ) were increased in DFA myocytes of ET rats. The myogenic tone of the DFA was unchanged by exercise. Although similar functional upregulations of I Kir and I Kv were observed in CA myocytes, the K + -induced vasodilatation was not increased in the CA of ET rats. Interestingly, concomitant to the increases in I Kir and I Kv , background Na + conductance was also increased in the CA myocytes. However, such an effect was not observed in DFA myocytes from ET rats. Neither I Kir nor K + -induced vasodilatation was observed in mesenteric arteries of ET rats.
+ -induced vasodilatation are enhanced in deep femoral arteries (DFAs) from exercise-trained rats (ET rats; treadmill running for 20 min at 20 m/min, 3 days/week for 2 weeks). The effects of exercise training on K + -induced vasodilatation and I Kir were also investigated in cerebral (CA) and mesenteric arteries.
Methods and results
The K + -induced vasodilatation of DFAs and the density of I Kir and voltage-gated K + current (I Kv ) were increased in DFA myocytes of ET rats. The myogenic tone of the DFA was unchanged by exercise. Although similar functional upregulations of I Kir and I Kv were observed in CA myocytes, the K + -induced vasodilatation was not increased in the CA of ET rats. Interestingly, concomitant to the increases in I Kir and I Kv , background Na + conductance was also increased in the CA myocytes. However, such an effect was not observed in DFA myocytes from ET rats. Neither I Kir nor K + -induced vasodilatation was observed in mesenteric arteries of ET rats.
Conclusion
The present study provides evidence that regular exercise up-regulates I Kir in DFA and CA myocytes. Although the increase in I Kir was observed in two types of arteries, augmentation of K + -induced relaxation was observed only in the DFA of ET rats, possibly due to the increased Na + conductance in CA myocytes. The increases in I Kir and K + -induced vasodilatation of the arteries of skeletal muscle suggest novel mechanisms of improved exercise hyperaemia with physical training.
Introduction
Vascular hyperaemia is vital to maintain energy supply to the regions of metabolic demand. The blood flow to skeletal muscle can be increased dramatically to 20-80 times resting levels by exercise, a phenomenon called exercise hyperaemia (EH). 1, 2 The cellular mechanism(s) for EH has not yet been determined. So far, numerous hypotheses have been proposed for EH, such as the following: (1) neural regulation (sympathetic withdrawal or acetycholine spillover); (2) muscle pump effect; and (3) local vasodilators (nitric oxide, K + , adenosine) released from endothelium and muscle. 3 In addition,, local hypoxia and acidic environment are suggested to be involved in EH. 2, 4 Recent consensus focuses on the release of local vasodilators mediating the effect of EH. 1 -3 Among those, moderately increased interstitial [K + ] (6-10 mM) has been considered to play a primary role by inducing relaxation of vascular smooth muscle (K + -induced vasodilatation). 2 -8 K + -induced vasodilatation is widely observed in small arteries in various tissues, including brain and skeletal muscle. 6 -9 The K + -induced vasodilatation is explained by two cellular mechanisms: an † These authors contributed equally.
increase in the conductance of inwardly rectifying K + channels (Kir) and facilitation of electrogenic Na + /K + -ATPase. 7,8,10 -14 It is generally considered that the activation of the Kir2 subfamily is the predominant mechanism for K + -induced vasorelaxation. 10 -14 Regular exercise training (ET) is beneficial for vascular functions in humans as well as in experimental animals. ET induces a variety of changes, such as an increase the number of vessels and a change in vasomotor activity. 15 -19 ET is also well recognized to improve endothelium-dependent relaxation and reduce stiffness of conduit arteries. 17 -22 However, the enhancement of endothelium-dependent vasodilatation by ET is controversial in healthy animals. 23 In contrast to the responses of endothelium, the functional adaptation of arterial smooth muscle to ET remain poorly investigated. 17 The physical training-induced changes of ion channel activity are also rarely investigated in arterial myocytes. 24, 25 The difficulty of such investigation might be due to heterogeneity of ion channel expression in various types of arteries and the numerous levels of branches with diverse arterial diameters.
In the present study, we tested the hypothesis that ET augments the K + -induced vasodilatation in skeletal arteries by increasing the K + conductance of arterial smooth muscle cells. From pilot experiments using pressurized small arteries, we found that deep femoral arteries (DFAs) with diameters between 150 and 250 mm show consistent vasodilatation in response to an increase of [K + ] e from 4 to 8 mM.
Using the specific region of DFA, we were able to detect the augmentation of K + -induced vasodilatation in exercise-trained rats (ET rats).
Furthermore, we investigated the K + channel activity in arterial smooth muscle cells from the DFA. Our present study suggests, for the first time, that ET induces a potentially adaptive increase of Kir current (I Kir ) and selectively enhances K + -induced vasodilatation in skeletal arteries. The systemic responses to ET of cerebral and mesenteric arteries with similar sizes are also compared.
Methods

Animals and exercise training
Sprague -Dawley rats (10 weeks old, male) were randomly assigned to either a control (n ¼ 52) or an ET group (n ¼ 73). The ET rats performed motor-driven treadmill running at 20 m/min for 20 min without inclination, 3 days/week for 2 weeks. For familiarization, the initial running speed was 5-15 m/min for the first 3 min and increased to 20 m/min during the next 3 min. Control rats were confined to their cages for an equivalent period of time in the same room used for the treadmill running. After the completion of ET, the rats were anesthetized with sodium pentobarbital (60 mg/kg, intraperitoneal). Rats were immediately killed by decapitation after confirming a fully anaesthetized state (e.g. no response to toe pinching). Proximal hindlimbs, brains, and mesenteries were dissected immediately in ice-cold phosphate-buffered saline solution for the isolation of arteries. In some rats, hearts were also obtained for the measurement of weights of left ventricle and whole heart. The normalized weights of left ventricle showed hypertrophic changes in the ET rats ( Table 1) .
The study protocol was in accordance with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH publication no. 85-23, revised 1996), and also conforms to Seoul National University College of Medicine Guidelines for the Care and Use of Animals.
Video analysis of pressurized arteries
Arterial segments were prepared from the dissected tissues under the stereomicroscope. The skeletal artery used in this study was a segment of the DFA located between the adductor magnus and gastrocnemius (see Supplementary material online, Figure S1 ). Also, we used the second branches of the posterior cerebral artery (PCA) and superior mesenteric artery (SMA) with inner diameters (D in ) of 150 -250 mm at 60 mmHg of luminal pressure (P lum ). After careful dissection of the above arteries, the arterial segments were placed in a glass-bottomed vessel chamber (Model CH/1/SH; Living Systems Instrumentation, Burlington, VT, USA). The vessel chamber contained normal Tyrode solution (in mmol/L): 141.4 NaCl, 4 KCl, 1 MgCl 2 , 1.8 CaCl 2 , 0.33 NaH 2 PO 4 , 10 glucose, and 10 HEPES, adjusted to pH 7.40 with NaOH, and its temperature was set at 378C by using a controller (Model TC-01; Living Systems Instrumentation). The vessels were cannulated using glass micropipettes and were secured with 12-0 nylon suture. There was practically no luminal flow during the experiment. The value of P lum was set to 60 mmHg for at least an additional 60 min; spontaneous tone developed and reached a steady state within this time frame. Arterial segments without stable myogenic tone were discarded. Figure 1B and 2B, right panels). Vessel dimensions were measured using a video dimension analyser (Model V94; Living Systems Instrumentation) and a data acquisition system (Digidata 1200 and Axoscope, Axon Instruments, Foster City, CA, USA).
Cell preparation
After the dissection of arteries, vessels were incubated in 1 mL of the first digestion medium (Ca 2+ -free normal Tyrode solution containing 1 mg/mL papain) for 10-15 min and changed to the second digestion medium (Ca
2+
-free normal Tyrode solution containing 3 mg/mL collagenase) for another 10-15 min. Both digestion media contained bovine serum albumin (1 mg/mL) and dithiothreitol (1 mg/mL). Ca 2+ -free normal 
Electrophysiological recording
Isolated smooth muscle cells were transferred into a bath mounted on the stage of an inverted microscope (IX-70; Olympus, Osaka, Japan). The bath (0.2 mL) was superfused at 5 mL/min, and voltage-clamp experiments were performed at room temperature (22 -258C CsCl, 10 EGTA, 10 HEPES, and 5 Mg-ATP, adjusted to pH 7.25 with CsOH ( Figure 4C-E) . The normal Tyrode solution agar bridge was used as a reference, and the junction potential between pipette and normal Tyrode solution was corrected according to the value calculated by tools in pCLAMP v.9.2 (Axon Instruments). The signals were filtered at 1.0 kHz and sampled at a rate of 2.0 kHz. The pCLAMP software v.9.2 and Digidata-1440A (Axon Instruments) were used to acquire data and apply command pulses.
Drugs and chemicals
All drugs and chemicals used in this study were purchased from Sigma Chemical Co. (St Louis, MO, USA).
Statistical analysis
Data are shown as means + SEM with the number of tested arteries indicated as n. Student's unpaired t-test was used to test for significance at the level of 0.05. Exercise up-regulates Kir channels in artery
Results
The values of D in and D max,0Ca of DFAs and PCAs at 60 mmHg of P lum were measured as described in the Methods and are summarized in Table 2 . There was no significant difference of arterial sizes between the two groups. We also compared the myogenic tone (%) of the arteries between sedentary control and ET rats ( Table 2) . Although the myogenic tone of DFAs showed a tendency towards a slight increase in ET rats, statistically the difference was insignificant. In PCAs, the vasodilatation induced by 8 mM [K + ] e was already close to the maximal vasodilatation obtained in Ca 2+ -free condition, and no difference was observed between the control rats and ET rats ( Figure 2A) ; DD in was 54 + 5.3 mm in sedentary control animals (n ¼ 9) and 48 + 2.5 mm in ET rats (n ¼ 9, P ¼ 0.31). As described in Table 2 , the maximal diameter and myogenic tone of PCAs were not changed in ET rats; the DD max was 56 + 4.6 mm in sedentary control rats (n ¼ 9) and 52 + 2.8 mm in ET rats (n ¼ 9, P ¼ 0.39).
As the PCA was already dilated to near its maximum level with 8 mM K + , we also compared the partial vasodilatation induced by 5.5 mM K + . However, there was still no difference of 5.5 K + -vasodilatation between control and ET rats ( Figure 2B , open bars). The K + -induced vasodilatation of PCAs was also abolished by applying Ba 2+ (50 mM) in both groups ( Figure 2C and D). Figure 3A-E) . The normalized amplitudes (in pA/pF) of Ba 2+ -sensitive currents were compared between sedentary control animals and ET rats ( Figure 3B) . Interestingly, the density of I Kir was significantly larger in the DFA myocytes from ET rats compared with that in sedentary control animals. The outward component of Ba 2+ -sensitive Kir current [outward hump of currentvoltage (I-V) curve; Figure 3D , lower panel] was significantly greater in ET rats ( Figure 3E) . Surprisingly, however, the density of I Kir was also increased in the PCA myocytes of ET rats ( Figure 3C ). The amplitude of I Kir was similar between DFA and PCA myocytes. It is worth pointing out that the increase of I Kir was accompanied by increased amplitudes of voltage-gated K + current (I Kv ) as can be noticed from the outward currents of the representative I-V curves ( Figure 3A) . To clarify this phenomenon, I-V curves were also obtained in normal Tyrode bath solution; the amplitude of I Kv was almost two-fold in the myocytes from DFAs and PCAs of ET rats ( Figure 4A and B) . While comparing the I-V curves obtained in normal Tyrode solution, we also found that the inward current at the negative voltages close to K + equilibrium potential (285 mV) was increased in the PCAs of ET rats ( Figure 4B, inset) . Such an increase of inward current was not observed in DFA myocytes. The larger inward currents in the PCA myocytes of ET rats were more consistently observed by using CsCl pipette solution and NaCl (K + -free) bath solution ( Figure 4C) . The background inward current was almost completely diminished after substituting Na + (140 mM) with N-
methyl-D-glucamine (NMDG)
+ in the bath solution, indicating that Na + conductance was enhanced in the PCA myocytes of ET rats.
The residual inward conductance in NMDG-Cl bath solution was not affected by 100 mM 4,4 ′ -diisothiocyantostilbene-2,2 ′ -disulphonic acid (DIDS), a widely used inhibitor for anion channels and mechanosensitive cation channels in arterial myocytes ( Figure 4E ).
26,27
Similar increases in I Kir and I Kv in DFA and PCA smooth muscle cells suggest a systematic effect of ET on the K + conductances of arterial myocytes. To further test this notion, we investigated the amplitudes of K + currents in SMA smooth muscle. However, the Ba 2+ -sensitive I Kir was negligible in the SMA myocytes, and no increase of inward current was observed in ET rats ( Figure 5A and B) . Consistent with the lack of I Kir , K + -induced vasodilatation of SMA was not observed in control or ET rats ( Figure 5C ). Likewise, the amplitudes of I Kv were unchanged in the SMA myocytes from ET rats ( Figure 5D ). It has to be noted that the myogenic tone of the SMA is smaller than those of DFA and PCA, and therefore, the evaluation of K + -induced vasodilatation is unavoidably limited in SMA. Finally, we investigated the chronological changes of K + conductance during the entire period of ET over 2 weeks. For this study, smooth muscle cells were isolated from the DFA of rats that had performed the treadmill running one, three or five times. Rats were killed on the next day of the planned exercise training, i.e. the second, sixth and tenth day of experimental period. Interestingly, the amplitudes of both I Kir and I Kv were significantly increased after five sessions of ET (Figure 6 ). -free conditions (100 × DD max,0Ca /D max,0Ca ).
Discussion
Our present study demonstrates that regular exercise training increases I Kir and I Kv in DFA and PCA myoctyes, whereas improved K + -induced vasodilatation is observed only in the DFA. In PCA myocytes of ET rats, the concomitant increase of background Na + conductance might counterbalance the hyperpolarizing influence of I Kir . In contrast to DFA and PCA, the myocytes from SMA showed an insignificant level of Ba 2+ -sensitive I Kir and no up-regulation of I Kir by ET. This is consistent with the previous studies which showed the lack of Ba 2+ -sensitive I Kir and insignificant K + -induced vasodilatation in SMA. 13, 28 ET improves cardiovascular function and increases the capacity of blood flow in skeletal muscle by a number of mechanisms. 15 -22,29,30 In contrast, restriction of movement or ageing reduces skeletal blood flow responses. 31, 32 Until recently, the issue of blood flow capacity has been investigated mainly on structural modifications and increases in the densities of capillaries and arterioles. Those studies demonstrate that the structural adaptations are variable, depending on the types of skeletal muscle (white vs. red muscle) and of ET (intermittent sprint vs. endurance ET). 16, 17 However, functional modifications of small arteries in skeletal muscle following ET are unclear. In this respect, our present study elucidates the functional changes of the DFA in skeletal muscle after ET and reveals the underlying ion channels in arterial myocytes that are responsible for such modifications.
Early studies of adaptive functional changes by ET focused on endothelium-dependent, endothelial nitric oxide-mediated Exercise up-regulates Kir channels in artery vasodilatation as the mechanism for ET regulation of arterial blood flow. 17, 21, 22 Shear stress evokes Ca 2+ influx via stretch-activated channels in endothelial cells, and stimulates the release of K + and NO. As the abluminal release of K + from endothelium could also induce vasodilatation via I Kir activation, 6 the functional up-regulation of Kir observed in this study might explain, at least in part, the enhanced flow-dependent vasodilatation in ET animals. One has to consider that endothelial cells also expresses Kir, which can influence the membrane potential of smooth muscle cells through myoendothelial gap junctions. 6 In this respect, the functional up-regulation of Kir in the endothelium from ET rats might also play a role in enhanced K + -induced vasodilatation of the DFA. Unfortunately, owing to the technical difficulty of isolating healthy endothelial cells, we did not directly investigate such a possibility in the present study.
Difference between cerebral and deep femoral arteries in ET rats
The Kir channels of cerebral artery smooth muscle are believed to play a critical role in the local regulation of cerebral blood flow in response to the metabolic activity of neurons. (Figure 4) . The I-V curve of ET-induced Na + conductance appears to be inwardly rectifying with Cs + in the pipette solution ( Figure 4C ), suggesting a relatively Na + -selective nature of this channel. Recently, it has been reported that acid-sensing ion channels (ASICs) use Na + as a major charge carrier in mouse cerebral arterial myocytes. 33 We observed the ASIC-like current in rat PCA myocytes. However, the amplitudes of this current were highly variable and showed desensitization (data not shown here). Therefore, we have not rigorously compared the ASIC-like current between control and ET rats. The identity of Na + -permeable channels up-regulated by ET requires further investigation. Although the increase of I Kir does not lead to enhanced K + -induced vasodilatation in PCAs in the present study with healthy animals, it might provide benefits in animals with impaired cerebral blood flow due to ageing or diseases. While the beneficial effects of ET on cerebral blood flow in aged humans and stroke patients have been mostly addressed with the up-regulation of endothelial nitric oxide synthase activity, 34 -36 the ionic current changes, such as Kir up-regulation, might partly contribute to the enhanced cerebral blood flow. In our study, similar increases of I Kir and I Kv in the DFA and PCA initially suggested a systemic effect of ET on arterial K + conductance.
A previous study in swine coronary arteries also showed that exercise training increases the I Kv of myocytes. 25 However, the unchanged amplitude of I Kv in the SMA indicates an organ-specific influence of exercise on the functional expression of K + channels. Our present study indicates that several days (.10 days) of ET is required to demonstrate the functional up-regulation of Kir and Kv ( Figure 6 ). In this respect, the difference between DFA and SMA might be associated with the opposite changes of blood flow between the two organs during exercise; a repetitive increase of blood flow and of shear stress during exercise might induce the up-regulation of Kir and Kv. Interestingly, the cerebral blood flow also increases during moderate exercise. 30 However, the change in cerebral blood flow is much smaller than that of skeletal muscles. In the exercising animals, the blood volume is preferentially diverted to skeletal Exercise up-regulates Kir channels in artery muscles rather than to the other organs. Therefore, it is not likely that the putative increase of cerebral blood flow alone effects the functional up-regulation of K + channels in cerebral arteries. In ET rats, there might be unknown hormone(s) affecting the expression levels of K + channels in vascular myocytes where specific subtypes of K + channels (e.g. Kir) are already expressed. Further investigation is required to elucidate the signalling mechanisms of K + channel up-regulation in ET rats. In summary, to our knowledge, this study is the first report to suggest that regular exercise can induce cellular adaptation (i.e. increased I Kir ), which is responsible for the facilitated K + -induced vasodilatation. The augmentation of K + -induced vasodilatation of the DFA might imply beneficial effects of physical training on the skeletal muscle activity by promoting exercise hyperaemia.
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